Background. Air-conducted and skull-tap cervical vestibular evoked myogenic potentials (AC-cVEMP and Tap-cVEMP) have been shown to be very promising tools in clinical practice. They are noninvasive, easy to obtain and -importantly -they require little time and the cost of the instruments is low.
Introduction
Vestibular schwannoma is a benign tumor that grows slowly. It arises from the 8 th cranial nerve complex, mainly from the vestibular part, pressing on the acoustic branch, but there are cases arising from the acoustic bundle as well. The 8 th cranial nerve divides into individual nerves in the lateral part of the internal auditory canal: the cochlear nerve, the superior vestibular nerve and the inferior vestibular nerve. [1] [2] [3] The cochlear bundle starts more anteriorly, and the vestibular ones more posteriorly. The facial nerve courses anteriorly, like the cochlear nerve, but remains superior to it. Going from the fundus of the internal auditory canal to the cerebellopontine angle, the nerves rotate altogether about 90°, so that the cochlear nerve enters the angle more posteriorly, but remains the most inferior. 1 Due to the division of the vestibulocochlear nerve into individual nerves, the presence of a tumor can affect the function of these nerves depending on which nerve is compressed. This explains the unilateral tinnitus and sensorineural hearing loss, which are the symptoms usually reported by vestibular schwannoma patients. As mentioned earlier, the tumor enlarges slowly; vestibular dysfunction is compensated at the brainstem level, which is why vertigo is not such a frequent complaint. In addition, facial nerve paresis or palsy may also be observed in some patients with facial nerve compression, as it shares the same trajectory as the cochlear nerve in the auditory canal. As the schwannoma grows, it may press on adjacent nerves outside the internal auditory canal and brainstem structures. These are rare but potentially serious consequences, emphasizing the need for the use of sensitive diagnostic tools in patients suspected of potential vestibular schwannoma. In our department, the general protocol is to follow a diagnostic procedure for vestibular or acoustic schwannoma using the standard tests with the complementary addition of airconducted and skull-tap cervical vestibular evoked myogenic potentials (AC-cVEMP and Tap-cVEMP). 4 Cervical vestibular evoked myogenic potentials (cVEMPs) are short-latency electromyograms that can be elicited by acoustic, vibration or skull-tap stimuli. They measure the vestibulo-colic reflex recorded from the sternocleidomastoid muscle (SCM). In the literature on sensory organs, the saccule is presented as the one responsible for AC-cVEMPs. 5, 6 Since most of the saccular innervation is carried by the inferior vestibular nerve, its function is essential in the generation of AC-cVEMPs. [7] [8] [9] The utricle is presented as the main sensory origin of TapcVEMPs. [10] [11] [12] Brantberg et al. reported that when the function of the superior vestibular nerve is affected, as in vestibular neuritis, skull-tap cVEMPs are more often abnormal than AC-cVEMPs. 11 Tap-cVEMPs can still be recorded despite selective section of the inferior vestibular bundle. 12 The rapid development of VEMP-related research and our own recent experience with AC-and Tap-cVEMPs have led us to use cVEMPs as an integral part of our diagnostic battery in various vestibular problems, particularly in patients with vestibular schwannoma. 13 VEMPs are noninvasive and easy to obtain; also, they require little time and the cost of the instruments is low, which are important advantages in clinical practice nowadays.
Performing both AC-cVEMPs and Tap-cVEMPs may be helpful in identifying the functional integrity of the inferior and superior vestibular bundles of the 8 th nerve. The aim of this study was to evaluate the usefulness of combined AC-and Tap-cVEMPs as a diagnostic tool for advanced assessment of vestibular schwannoma in determining the tumor origin. In this study we did not seek a diagnostic replacement test for MRIs in vestibular schwannoma patients; rather, we investigated whether the information from the combined use of AC-cVEMPs and Tap-cVEMPs might be helpful for a surgeon as an additional source of information about the tumor before surgery.
Material and methods

The subjects and testing protocol
This prospective study involved 30 patients, 15 females (50%) and 15 men (50%), aged from 20 to 57 years (mean age 40.90 ±11.05 years) with diagnosed vestibular schwannoma and with no other otological or neurological problems. The recordings were obtained with each subject lying comfortably on a bed with the upper body elevated 30°. The subjects were instructed to relax and lift their heads during recordings to provide tonic background SCM activity, without shoulder or abdominal muscle activity if possible. At all times a researcher was present, directing the patient to decrease or increase the head lift to correct the contraction level of the muscle and to stay within the selected root mean square (RMS) EMG activity levels, using continuous pre-and poststimulus biofeedback EMG activity monitoring for guidance as described in our previous study. 13 All the patients were able to perform the head lift without any issues.
The AC-and Tap-cVEMP recordings were performed and analyzed 1-3 days before the surgical tumor removal. The same very experienced otosurgeon performed all the procedures. He was asked to carefully describe the tumor origin and the nerve bundles that were involved in the tumor, and to provide the researchers with this information after surgery. In order to avoid bias in his descriptions, the surgeon was blind to the VEMP results before the operations; likewise, the VEMPs were analyzed before surgery, so the researchers were blind to the surgical information about the tumor origin.
The study was approved by the Medical University of Warsaw Institutional Ethics Committee Review Board and all the participating subjects signed informed consent forms.
Stimulus and signal acquisition characteristics
All the cVEMPs were acquired using a SmartEP, a fully computerized 2-channel evoked potential system (Intelligent Hearing Systems Corp., Miami, USA). Surface electrodes were placed on the skin above the SCM. The inverting (−) electrodes were positioned bilaterally on the sternum and the SCM junction, and the non-inverting (+) ones were placed bilaterally on the midpoint of the SCM between the mastoid and the sternum. The ground electrode was placed on the upper part of the sternum. All electrode impedances were 3 kΩ or less.
In this study, 2 types of stimuli were used. The acoustic stimuli consisted of a single 500 Hz frequency exact Blackman window tone burst of 5 ms duration, presented bilaterally. The acoustic stimuli were delivered via ER3a insert earphones (Etymotic Research Inc., Elk Grove Village, USA) at 100 dB nHL. For the skull-tapping recordings, we used an automated skull-tapping device (Intelligent Hearing Systems Corp., Miami, USA) that was stabilized on the patient's skull with a headband that ensured a fixed distance and contact pressure. In addition, an EMG standardization method integrated into the acquisition software was used to further minimize the variability of the cVEMP recordings, as described in our previous study. 13 The skull tapper was placed on the skull at 3 locations: at the midline of the forehead for bilateral symmetrical stimulation and signal acquisition, and behind the left and then the right ears on the mastoid process.
Both the acoustic and skull-tapping evoked recordings were acquired using the head-lifting method so that the SCMs were bilaterally contracted as described above. The acquisition parameters were as follows: a sampling period of 400 ms with 5 K amplification of the signal, 6 dB per octave band pass filter, 30 Hz high-pass cutoff and 1500 Hz low-pass cutoff. The AC-cVEMPs were collected by averaging 3 sets of 64 sweeps and the Tap-cVEMPs were acquired by averaging 3 sets of 32 sweeps. Fewer sweeps were used to average the Tap-cVEMPs due to the generally larger amplitude of the responses generated by skull tapping compared to the auditory counterpart. For both types of recordings a stimulation rate of 3.1/s was used.
VEMP data analysis
The recorded electrophysiological responses were then normalized according to the prestimulus (base) RMS EMG calculations. [14] [15] [16] [17] The resulting VEMP waveforms were analyzed for a response presence for each type of stimulation (acoustic and tapping) in the time domain. The first distinctive positive peak was identified as P1 (or p13), followed by a distinctive negative trough N1 (or n23). The latencies and amplitudes were measured. Normalized values were used to assess the corrected asymmetry ratios (corrAR) between the left and right side measurements. 17 Responses from the ear with vestibular schwannoma that were not detected were assigned an amplitude of 0, which means the corrected amplitude ratio in those cases was 100%. A corrAR >34% was considered abnormal. Latencies greater than the mean +2SD of 13.31 ms (AC-cVEMP) and 10.77 ms (Tap-cVEMP) were considered abnormal (based upon data collected from 22 healthy ears in subjects without any otological or neurological problems as controls).
Results
Vestibular schwannoma was diagnosed on 1 side in all the patients, confirmed by MRI. It was found in 12 (40%) patients on the right side and in 18 (60%) patients on the left side. In maximum diameter, the tumor size ranged from 4 to 37 mm, with the average of 13.80 mm (±8.05 mm) and a median of 13.00 mm.
In all healthy ears (those without the tumor), cVEMPs were preserved. In each patient, the healthy side was used as a reference. On the tumor side, in AC-and Tap-cVEMP responses, abnormalities of corrected amplitude asymmetry ratios (corrAR ≥ 35%) were detected in 22 out of 30 patients (73.33%), abnormalities in P1 latencies in 21 out of 30 patients (70%), and either corrAR and/or P1 latency in 27 out of 30 patients (90%).
18 Table 1 shows AC-and Tap-cVEMP results for the vestibular schwannoma side and the healthy ear for all stimulation types. It includes the mean and median values for P1 corrected amplitudes, corrected amplitude asymmetry ratios and P1 latencies. The differences between the tumor side and the healthy side proved to be significant. Figure 1 shows an example of a set of recordings from 1 vestibular schwannoma patient (tumor size 10 × 14 × 8 mm). The AC-and Tap-cVEMP averaged waveforms are shown in separate panels. In this patient, the schwannoma was diagnosed on the left side. Visual inspection of the presented waveforms, P1 latency measurements and amplitude calculations revealed the tumor to be located on the superior bundle of the left vestibular nerve. This AC-and Tap-cVEMP result was then confirmed by the surgeon describing the tumor located on that nerve bundle.
Like in the previous example, Fig. 2 shows waveforms recorded from another vestibular schwannoma patient, but this time the tumor was located on the right side and was larger (21 × 24 × 32 mm), involving both vestibular nerve divisions. This tumor location established by the AC-and Tap-cVEMP results was then confirmed by the surgeon.
The combined AC-and Tap-cVEMPs results indicated the affected nerve bundle to be the inferior one in 23.33% of the patients, the superior one in 20% of the patients, and both bundles in 46.67% of the patients. No cVEMP abnormalities were found in 10% of the patients ( Table 2) . The surgical information revealed the following tumor locations: inferior vestibular nerve in 40% of the patients, nd shows responses from the left SCM to ipsilateral stimulation (AC stimulus delivered to the ear via inserted earphone and tap stimulus delivered to the mastoid using a skull tapper); the bottom 2 rows show waveforms recorded from the right and left SCM (3 rd and 4 th rows from the top, respectively) to bilateral acoustic stimulation (AC-cVEMP) and to forehead tapping (Tap-cVEMP); in each recording the P1 wave is marked. The p-value represents the level of significance.
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100 ms 100 ms superior in 10% of the patients, both bundles in 40% of the patients, and solely cochlear nerve involvement in 10% of the patients. The combined AC-and Tap-cVEMP results were significantly compatible with the surgical information about the tumor origin (p < 0.0002).
Further useful information was obtained by counting the number of combined AC-and Tap-cVEMP abnormalities on the tumor side for each patient and comparing them to the tumor size. As mentioned before, abnormal cVEMP results were found in 27 out of 30 patients (90%). Table 3 shows the prevalence of the number of detected abnormalities (corrAR and latency) in AC-and Tap-cVEMPs. In addition, in 27 out of 30 patients (90%) auditory brainstem response (ABR) results showed retrocochlear origins. Combined AC-cVEMP, Tap-cVEMP and ABR results showed abnormalities in 28 out of 30 patients (93.33%); however, the ABR results were not the focus of the present study. The number of combined AC-and Tap-cVEMP abnormalities, as well as the number of combined cVEMP and ABR abnormalities, were significantly correlated with the tumor size (p = 0.0080 and p = 0.0000, respectively).
Discussion
In this study, we present a combined approach using both AC-and Tap-cVEMPs to determine nerve division involvement in vestibular schwannoma as an additional source of helpful information for surgeons prior to operations. AC-cVEMPs are generated by saccular activity, and thus reflect mainly the activity of the inferior vestibular nerve. 8, 12, 19 On the other hand, it has been suggested that Tap-cVEMPs generate a more complex stimulation paradigm. They have been described as consisting of 2 different mechanisms: the 1 st resulting in ipsilateral inhibitory activity on the SCM, and the 2 nd producing a bilateral response with opposite polarities for the two SCM muscles. 20 The utricle has been described as the origin of the unilateral and bilateral components through different mechanisms. [20] [21] [22] This has been supported by other studies as well. 12 Brantberg and Mathiesen proved that Tap-cVEMPs were preserved despite sectioned inferior vestibular nerves, suggesting the involvement of superior vestibular nerve activity in Tap-cVEMP responses. 12 Recording both the AC-and Tap-cVEMPs therefore further increases the potential for identifying the affected nerve bundles. Where no Tap-cVEMPs are present but AC-cVEMPs are, that indicates a nonfunctional superior division of the 8 th nerve; and in contrast, where no AC-cVEMPs are present but Tap-cVEMPs are, that points to a nonfunctional inferior bundle with a functional superior bundle. The results of our study further support this, showing significant compatibility between AC-and Tap-cVEMP information about the affected nerve bundle and surgical information about the tumor origin. MRI scans provide information on the presence of a tumor, its location in the internal auditory canal and its size. This information is essential for the diagnosis and for a surgeon; however, it does not say which nerve divisions are involved in the pathological process. In our study, the combined information from AC-and Tap-cVEMP results was significantly correlated with the surgical findings about the tumor origin. The cVEMP results were found to be normal in 3 patients, but in 1 of those patients, ABRs showed retrocochlear disorders (in the remaining 2, the ABRs were normal). This means that in our study, the electrophysiological findings of cVEMPs alone and combined cVEMPs and ABRs were helpful in identifying the tumor origin in 90% and 93.33% of the patients, respectively. As mentioned before, in both cases, this information was significantly correlated with the surgical findings. This shows that AC-and Tap-cVEMPs assessment is essential in vestibular schwannoma, and can provide the surgeon with helpful additional information about the probable involvement of nerve bundles in the tumor. This information, combined with ABR results and MRIs, can be helpful in presurgical planning and patient counseling. The electrophysiological tests (cVEMPs and ABRs) show how much residual vestibular and cochlear function is present prior to surgery, providing the surgeon with information that is very useful in decisions about additional intraoperative monitoring of hearing. In our department, intraoperative monitoring of hearing is routinely used in every vestibular schwannoma surgery performed via the middle fossa approach and in many other ear operations; however, hearing is not routinely monitored intraoperatively in most other oto-or neurosurgical facilities. Electrophysiological results might be useful when counseling patients and informing them of realistic possible outcomes of surgery, such as the chances of preserving hearing, the risk of hearing loss during surgery, or if a patient is likely to develop vertigo after the tumor removal and therefore require vestibular rehabilitation. However, postoperative management was not analyzed in this study.
The results presented in this study show a good correlation between the tumor size and the number of abnormalities detected in AC-and Tap-cVEMPs, considering corrAR and the latencies of the responses. Those results further support the findings of Lin et al. and Taylor et al., who also found significant correlations between their tests results and tumor size. 23, 24 However, they used ocular vestibular evoked myogenic potentials (oVEMPs) to investigate the superior vestibular nerve division instead of Tap-cVEMPs. In our department, cVEMPs are used due to their longer history and more extensive research, but recently we have also been investigating the usefulness of oVEMPs. Although recent research on oVEMPs has been encouraging in terms of clinical practice, the technique of this vestibular testing method still needs to be refined to be used as a routine clinical test. Cervical VEMPs are quite easy to obtain and can be efficiently used with quantification methods for ongoing muscle activity monitoring. With constant EMG monitoring, the amplitudes can easily be normalized according to the prestimulus (base) RMS calculations, as in this study. In the near future, we plan to include oVEMPs in our routine diagnostic tests in patients with vestibular problems, ensuring that the adaptation of muscle activity quantification methods we use is properly carried out. [14] [15] [16] [17] This article describes our VEMP findings in 30 vestibular schwannoma patients from a still growing data collection which we plan to present in the near future. We believe that further investigations in vestibular schwannoma patients are needed to confirm the clinical utility of AC-cVEMPs and Tap-cVEMPs as presurgical tests providing additional information to a surgeon about the nerve bundles involved in the pathological process. Currently, we are collecting ocular VEMP data (using both air-conducted and boneconducted stimuli) from a growing patient population. In the near future, when sufficient patient population data has been collected, we plan to analyze different combinations of AC-cVEMP, Tap-cVEMP and oVEMP to evaluate the clinical usefulness of different testing protocols. Our attempt to establish the most clinically useful VEMP testing protocol will be presented in a subsequent paper.
In conclusion, the information provided by the combined application of AC-and Tap-cVEMPs can be useful to surgeons in presurgical planning, providing detailed information about the tumor and the affected nerve division in the internal auditory canal. MRI scans provide information on the presence of a tumor, its location in the internal auditory canal and its size, which is essential for the diagnosis and for the operation, but it does not provide information about the nerve divisions involved in the pathological process. In our opinion, AC-and Tap-cVEMPs may serve as additional sources of information about the tumor before surgery.
